Abstract: More effective techniques should be employed for isolation of human mesenchymal stromal cells derived from adipose tissue (ADSC), seeking to make adipose tissue biopsies smaller in volume and thus less invasive. In this study, we compared properties of ADSC isolated by several different methods from the same samples of adipose tissue in order to enhance yields of potential ADSC. The mature adipocyte fraction was investigated using the ceiling culture method, including both ceiling and bottom cell fractions, and the control culture method with standard amount of medium. The results were also compared using the stromal vascular fraction from the same samples. The most efficient was the bottom cell population isolated from the mature adipocyte fraction by ceiling culture method. These cells readily differentiated into osteogenic, adipogenic and chondrogenic lineages and, similar to stromal vascular fraction cells, displayed high proliferation potential. Cultures of mature adipocyte fractions with standard amount of medium were considerably less effective. Mature adipocyte fractions yields large quantities of adipose-derived stem cells that have properties comparable with stromal vascular fraction cells suitable for tissue regeneration, especially when only small biopsies can be taken.
Introduction
Stem cells are a promising tool for cell-based therapy such as tissue engineering or regenerative medicine. Most research has been focused on the biology of Mesenchymal Stromal Cells (MSCs) isolated from bone marrow stroma which demonstrated adipogenic, osteogenic, chondrogenic, myogenic, cardiomyogenic, neurogenic, endothelial and hepatogenic differentiation potential in vitro [1] [2] [3] [4] [5] . Bone marrow procurement is a severely painful and complicated procedure, while the harvested cells yield relatively low numbers. MSCs represent only 0.01-0.0001% of the nucleated cells in adult human bone marrow [2] .
Adipose tissue is another possible source of MSCs, and these plastic adherent mesenchymal adiposederived stromal cells (ADSC) represent 2-3% of nucleated cells in the adipose stromal vascular fraction [6] . They can differentiate not only into adipogenic, chondrogenic, myogenic, osteogenic and neuronal lineage cells [6] [7] [8] [9] , but also into cardiomyocytes, endothelial cells [10, 11] and demonstrate angiogenic and antiapoptotic potential by secretion of multiple proangiogenic growth factors [12, 13] . In addition, recent studies have shown that similar to bone marrow-derived cells, ADSC mediates immunosuppressive reactions both in vitro and in vivo [14] [15] [16] [17] . As compared to the BM, adipose tissue can be obtained by less invasive methods and harbors a large number of multipotent stromal cells that have potential applications for the regeneration of acute and chronically damaged tissues [18] . Several clinical trials have been recently launched to explore safety and effectiveness of ADSC therapy in human diseases [19] [20] [21] .
Though adipose tissue and ADSC cells are usually described as abundant, plentiful and easily available, this is true only for large volume liposuction procedures. Since a large quantity of cells is required for transplantation, and liposuction is not the method of choice for autologous cell transplantation, more effective techniques for isolation and cultivation of ADSC should be prepared to make adipose tissue biopsies smaller in volume and thus less invasive. Maximum efficiency of ADSC isolation and propagation is required before the potential of these cells can be fully realized in clinics.
Adipose tissue contains mature adipocytes and the stromal vascular fraction (SVF). Centrifugation of collagenase digested fat tissue results in a floating cell mass and pellet on the bottom of a tube. SVF represents the fibroblast-like cell population, isolated from the pellet, recently described as a multipotent stem cell (or stroma cell) population that can differentiate into various mesodermic lineages.
ADSC isolation from the SVF fraction is well documented [6, 7] . Isolation of fibroblastic cells from a floating cell mass, i.e. mature adipocyte fraction, is more tedious and complicated. Little information is available on this issue, and to the best of our knowledge, few attempts have been successful [11, 22, 23] . Very little data exists on the cell fraction present on the bottom of the ceiling cell culture of mature adipocyte fractions and only once has weak adipogenic differentiation been described for those cells [23] . Other authors report multipotent ADSC obtained from the mature adipocyte fraction by ceiling cell culture, although the cell population on the bottom of the flask was not investigated in the study [24] .
In the present study we compared properties of ADSC isolated by several different methods from the same samples of adipose tissue in order to improve the isolation procedure and enhance yields of potential ADSC that could be further used for tissue regeneration and engineering. For the investigation of mature adipocyte fractions, we employed several culture methods, namely, the ceiling culture method developed by Sugihara et al. [22] , including both ceiling and bottom cell fractions, and we also included the additional control culture method. We refer to the latter method as Floating cell culture (FCC). Our intention was to show the significance of using ceiling culture methods for isolation of ADSC from mature adipocyte fractions. Proliferation and differentiation potentials were compared between the cells of all the fractions and also to ADSC isolated from SVF.
Experimental Procedures

Isolation and culture of human adipose cells
Human adipose tissue was obtained following breast plastic surgery procedures under local anesthesia according to the Protocol approved by the Lithuanian Bioethics Committee. Pieces of tissue (about 10 ml each) were placed in sterile phosphate-buffered saline (PBS) and were processed within 1-2 hours. Fat mass was separated from other tissue structures, washed in PBS, cut into small pieces and incubated 1 hour with 0.1% collagenase type IV (StemCell Technologies, Vancouver, Canada) in Dullbecco's modified Eagle's medium with low glucose (DMEM), 2 mM L-glutamine, 100 U/ml penicillin and 100 μg/ml streptomycin at 37°C. The cells released by the enzymatic digestion were filtered through nylon mesh, then through a 100 μm filter, to separate them from tissue fragments, and suspended in DMEM supplemented with 10% fetal calf serum (FCS), 2 mM L-glutamine 100 U/ml penicillin and 100 μg/ml streptomycin (complete DMEM medium), separated by centrifugation at 400 g for 10 minutes. Floating cell layer and pellet (stromal-vascular fraction, SVF) were separately processed for further cultivation ( Figure 1 ). The floating cell layer was used for Ceiling culture (CC) and Floating cell culture (FCC). When cells reached 75%-90% subconfluence, they were detached by trypsin/EDTA treatment and transferred into 25 or 75 cm 2 cell culture flasks.
Ceiling culture (CC) and Floating cell culture (FCC)
Ceiling culture was prepared as previously described [23] . The floating cell mass (mature adipocyte fraction) was washed 2 times with PBS and seeded into cell culture flasks without ventilation (Becton Dickinson, Franklin Lakes, NJ), at density 15 μl/cm 2 of floating cell mass (cell counts for this cell mass were not reliable, because cells were sometimes indistinguishable from lipid droplets). Flasks were completely filled with complete DMEM (the medium was preincubated in a humidified atmosphere of 5% CO 2 at 37°C for 6 h), and cells were further incubated at 37°C for 2-3 weeks without any ventilation or medium changes till they reached sub-confluence at the bottom. Cells growing on the ceiling (CCc) and at the bottom (CCb) surfaces of the same flask were separately harvested by trypsin/EDTA, and separately seeded to 25 cm 2 cell culture flasks in complete DMEM. To prevent CCb and CCc mixing, these flasks were handled with special care and the flasks that were further used for differentiation experiments were never inverted for inspection of CCc cells.
To determine whether filling the culture flasks completely with medium (in ceiling culture) is critical for successful isolation and cultivation of cells from the mature adipocyte fraction, we placed the same amount of floating mature adipocyte fraction in standard conditions for MSC as a control population called Floating cell culture (FCC). Another part of the floating cell layer was collected, washed 2 times with PBS and seeded at a density of 15 μl/cm 2 of floating cell mass into cell culture flasks with a standard amount of complete DMEM, and placed in a humidified atmosphere of 5% CO 2 at 37°C.
Newly appeared fibroblast-like cells settled down and attached to the bottom, the same as in ceiling culture. The medium was changed and the rest of floating cell mass including nonadherent cells was removed only on day 7, whereas usually for SVF cells they are discarded after 24 h of incubation. The cells that sank and adhered to the bottom of the flask were called FCC.
Stromal-vascular fraction (SVF)
Following initial centrifugation, the pellet (SVF) was washed 2 times with medium, and seeded in complete medium at the approximate concentration of 1 × 10 4 cells/cm 2 , and placed in a humidified atmosphere with 5% CO 2 at 37°C. Similar to FCC cells, the medium for SVF was changed only on day 7 after isolation and then nonadherent cells were removed. The medium was then routinely changed twice a week.
Cryopreservation
Part of the cells of every population from 2 to 12 passages were cryopreserved. Aliquots of 0.4 × 10 6 -1 × 10 6 cells (1 × 10 6 /ml) were suspended in medium containing 10% DMSO and 25% FCS, slowly frozen at -70ºC and for longer storage transferred to liquid nitrogen. For recovery of frozen cells after thawing in warm complete medium (37ºC) and DMSO removal by centrifugation, cells were resuspended in complete medium and plated at concentration 1 × 10 4 /cm 2 .
Induction of Differentiation
Adipogenic
Cells were seeded at a density of 3 × 10 4 cells/well in 6-well plates, cultured in complete medium until they reached subconfluence (1-3 days). The culture was then treated with adipogenic-induction medium, prepared from DMEM-high glucose plus adipogenic stimulatory supplement (StemCell Technologies, Canada), for 2-3 weeks, until lipid droplets became visible in cultured cells. Control cells were simultaneously cultured in the complete proliferation medium. Adipogenic and control medium was changed twice a week.
Osteogenic
Cells were seeded at a density of 3 × 10 4 cells/well in 6-well plates, cultured in complete medium until reaching subconfluence (1-3 days), then treated with osteogenic-induction medium, prepared from DMEMhigh glucose plus osteogenic stimulatory supplement, dexamethasone (final concentration 10 -8 M) and ascorbic acid (final concentration 50 μg/ml), all from StemCell Technologies, Canada. When formation of cell multilayers became evident, β-glycerophosphate was added to the osteogenic-induction medium (final concentration 10 -6 M) and differentiation was performed for another 2 weeks. Control cells were simultaneously cultured in the complete proliferation medium. Osteogenic and control medium was changed twice a week.
Chondrogenic
To initiate spheroid culture, cells were suspended in chondrogenic differentiation medium containing DMEM -4.5 g/L glucose, supplemented with 5 µg/ml insulin, 0.1 µM dexamethasone, 0.17 mM ascorbic acid, 1.25 mg/ml bovine serum albumin (BSA), 10 µg/ml TGFβ 1 , 1% fetal calf serum (FCS), 1% penicillin/ streptomycin, and seeded at a density of 3.6 to 5 × 10 5 cells/well in 24-well plates, essentially as previously described [25] . Medium was changed 2-3 times a week. The aggregates were harvested at 2 weeks and prepared for histological analysis.
Pellet culture was prepared essentially as previously described [26] . 3 -10 × 10 5 portions of freshly trypsinized cells were suspended in 0.5 ml of differentiation medium, (the same, as for spheroid culture), placed into 15 ml polypropylene tubes and centrifuged for 5 min at 250 g. The caps of the tubes were loosened to permit gas exchange, and the tubes were maintained at 37ºC in 5% CO 2 . Overnight, cells detached from the tube bottom and formed spherical aggregates. Medium was changed 2-3 times a week. The aggregates were harvested at 2 or 4 weeks and prepared for histological analysis.
Cell Staining
Adipogenic differentiation was assessed by staining intracellular lipid droplets with Sudan III using standard procedures. Osteogenic differentiation was assessed by staining of extra cellular matrix calcification by the von Kossa method. Some preparations were also stained with Alizarin Red S by standard protocol. Control cells, cultured without any supplements, were stained in the same manner. In some culture wells double staining of cells was carried out. Fixed cells were stained with Sudan III, then rinsed with distilled water and stained with silver nitrate. The reverse schedule of cell staining was also performed. Double staining did not interfere with one step staining results, except that some lipid vesicles, especially the biggest ones, were disrupted after additional procedures, and von Kossa staining faded a little after additional washings and Sudan III staining.
For histochemical staining, differentiated spheroids were fixed in ethanol -10% buffered formalin fixative (9:1) and embedded in paraffin. Sections were stained with toluidine blue (pH 2) by standard procedures. For immunohistochemical staining, sections were deparaffinized with xylol, pretreated in hot (95-99°C) citrate buffer pH 6,0 for 20 min, then 30 min washed in PBS (room temperature) and 30 min incubated in 0.3% H 2 O 2 to block endogenic peroxidase. Sections were incubated overnight at 4°C with biotinylated rabbit polyclonal anti-human type II collagen Ab (1:200) (Abcam, Cambridge, UK) and anti-Sox9 (1:200) (Santa Cruz Biotechnology, California, USA). After washing with PBS, reactivity was detected using an "ABC staining system" kit (Santa Cruz Biotechnology, California, USA), according to the manufacturer's protocol. As a negative staining control, the mouse IgG2a kappa antibody against Aspergillus niger glucose oxidase (absent in human tissues) was used (Dako, Glostrup, Denmark). Nuclei were counterstained with Mayer's hematoxylin.
Results and Discussion
In this study we were seeking to investigate the effectiveness and yields of ADSC isolation from the mature adipocyte fraction and the role of long term culture of the floating cell layer without medium changes. To ensure long term cultures, we used the ceiling culture method, developed by Sugihara et al. [22] , where cells were cultivated in a fully medium-filled flask, thus avoiding the need for medium changes and floating cell mass loss for up to 3 weeks. This method also provides the possibility to separately study two populations of cells, i.e. from the ceiling and the bottom surfaces of the same flask. For the control, we let the same amount of mature adipocyte fraction float freely in a flask with the regular quantity of medium under standard conditions and called it FCC. This method does not allow long-term culture (not more than a week) due to the consumption of nutrients and other factors in medium. We also simultaneously isolated ADSC from SVF of the same donor samples.
Cell proliferation
After 7 days of culture, in flasks completely filled with medium (ceiling culture) quite large population of fibroblastic cells were visible on the bottom surface (CCb) of the flask (50% confluence). When the same cell portion was seeded into ordinary amount of complete medium (FCC) and cultured using conventional conditions identical as SVF fraction (humidified atmosphere of 5% CO 2 at 37°C), after 7 days fibroblastic cells were clearly visible on the bottom (15% confluence) (Figure 2) . Medium was changed and floating non-adherent cells were discarded at that time because conventional conditions do not allow longer term culture due to acidification of medium.
On day 9 of culture, clusters of fibroblastic cells appeared also on the ceiling surface (CCc) (Figure 2) . However, the latter population proliferated much slower than CCb. After 2-3 weeks, when CCb reached subconfluence, both populations were harvested separately by trypsin/EDTA treatment. CCb cell number was almost one order of magnitude greater than CCc cell number from the same flask (1-2 × 10 6 of CCb cells versus 2-3 × 10 5 CCc cells for a 12.5 cm 2 flask). The cells were separately passaged for proliferation studies and differentiation experiments.
The precise origin of fibroblastic cells obtained from floating mature adipocyte fraction is still unclear and remains to be determined. Some authors [11, 22, 27] suggested that dedifferentiation of unilocular mature fat cells into fibroblastic preadipocytes might have occurred, and two types of cell division result in formation of fibroblastic cell populations which started to proliferate and again differentiated into fat cells after they reached confluence. Recently, another group [24] reported that fibroblast-like cells are directly derived from mature adipocytes, shown by time-lapse video techniques, through asymmetric division of unilocular adipocytes, forming one fibroblast cell, and 97% of cells isolated from adipose tissues used for ceiling cultures were lipidfilled adipocytes. Results obtained by Miyazaki et al. do not confirm such a hypothesis, also using time-lapse video techniques [23] . These authors suggested that fibroblastic MSC proliferated from precursor cells tightly attached to and hidden among the mature fat cells. Selection of two fibroblastic cell types might depend on the strength of attachment to the mature fat cells, so the tightly attached population proliferated at the ceiling surface but loosely attached fibroblast-like cells sank to the bottom surface. In our experiments with ceiling cultures, appearance of multilocular fat cells was quite a rare event after isolation. These cells do not tend to proliferate much, whereas fibroblastic cells were rather numerous (Figure 2 ) both at the ceiling and even more at the bottom surface, and proliferated intensively. These results cast further doubt on the dedifferentiation hypothesis.
The lowest proliferation potential we observed was for CCc cells, in contrast to the data published by Miyazaki et al. [23] where it was comparable for CCc and for CCb. In our study, CCc cells reached subconfluence on average every 19 th day and survived only for 4 passages, about 75 days, almost 3 times shorter, than CCb cells harvested from the same Ceiling culture flasks. This might have resulted from relatively weak attachment properties of those cells, which possibly could be associated with peculiarities of the flask plastic or other reasons.
From all the mature-adipocyte-fraction-derived cells the best proliferation potential was demonstrated in the CCb population (Table 1) . They reached sub-confluence and were passaged on average every 11 days, similar to SVF cells (12 days), which are regarded as 
conventional adipose stem cells derived from supportive stroma. CCb cells retained high proliferation potential for 20 cell passages, more than 210 days, then stopped dividing and came into senescence phase. Long lasting proliferation potential has been repeatedly described for SVF cells [28] . Seeking to demonstrate the importance of the ceiling culture method for the isolation of ADSC from the mature adipocyte fraction, we introduced the additional control group, FCC, where regular amounts of medium were used. Importantly, FCC cells proliferated much slower than the CCb population and were passaged for the first time only on day 20 after isolation, though they came from the same cell fraction and sank to the bottom as CCb cells (Table 1) . They were passaged on average every 15 days. Significantly, fat that was released after partial adipocyte disruption covered the surfaces of the flask, including bottom, following the medium changing procedure, and this may have interfered with cell proliferation rates. Furthermore, FCC cells lost their proliferation potential after 11 passages, about 160 days after isolation.
Surface antigen analysis by flow cytometry confirmed a typical expression profile for MSC. Cells of all isolated fractions were positive for CD73, CD90 and CD105, while negative for CD14, CD34 and CD45, and showed no differences between the fractions isolated from the same tissue samples (data not shown). These results are in agreement with data previously reported by Miyazaki et al. [23] for some of the listed markers and also certain others, where variation was greater between the samples rather than between the differently isolated cell fractions.
Adipogenic and osteogenic differentiation
At the 2 nd passage adipogenic differentiation was of varying intensity between the groups (Figure 3 , Table 1 ). Cells collected from the both the ceiling and bottom surface in the CC, at the second passage intensively differentiated into adipogenic lineage (Figure 3 ), in contrast with results of previous authors [23] . It is likely, that in our study this cell population did not adhere so strongly to the ceiling surface, sank and joined bottom cells, as in our experiments the yield of CCb was 7-8 times greater than CCc. For comparison, Miyazaki et al. reported only 2 times greater yield of CCb than CCc [23] .
In the SVF fraction lipid droplets occurred after 3 weeks of culture under adipogenic induction and were weaker than in CC, suggesting an advantage of the latter cells for application in adipose tissue regeneration.
In the FCC fraction at passage 2, only weak adipogenic differentiation occurred following 3 weeks after induction, associated with rare lipid accumulating cells and very small lipid droplets (Figure 3) . These results, together with the above described reduced proliferation, further emphasize the mandatory use of the ceiling culture method for efficient isolation of potent ADSC from mature adipocyte fractions.
Importantly, adipogenic differentiation was considerably less expressed or even absent in all isolated fractions at later passages (Table 1) , suggesting loss of differentiation potential with cell senescence.
After osteogenic induction, ADSC from all isolated fractions at passage 2 rapidly started to differentiate into an osteogenic lineage, with dark clusters visible on day 10 after induction. The wells also stained very intensively by Von Kossa technique on day 21, indicating (a)
very strong calcification ( Figure 3 , Table 1 ). In contrast to the adipogenic differentiation, ADSC demonstrated abundant calcification even when osteogenic differentiation was induced in later passages (data not shown). When grown in proliferation medium, neither CCc nor CCb cells spontaneously differentiated into adipocytes at the 2 nd passage if allowed to reach full confluence, which contrasts with results of previous authors [22, 27, 29] . However, another important observation not previously described is that CCb cells, after osteogenic induction, started to accumulate not only hydroxyapatite crystals but also lipid droplets in the same well. In some places both differentiations occurred even in adjacent cells (Figure 3 (m) ). This cannot be explained by spontaneous reversion of mature adipocyte fractionderived fibroblastic cells into adipocytes because this never occurred in control wells, where no supplements for induction of differentiation were added (Figure 3) . One of the explanations could be that both adipogenic and osteogenic induction media share some ingredients, e.g. dexamethasone, and sometimes it can be sufficient for differentiation induction without other additives. Dexamethasone augments the differentiation of bone marrow MSC (BMMSC) into three different mesenchymal lineages (osteogenic, chondrogenic and adipogenic) if applied continuously before and during differentiation [30] . Other authors even showed that in contrast to BMMSC, dexamethasone in ADSC suppresses osteogenesis and stimulates adipogenesis [31] . Thus, osteogenic induction media might also have stimulated adipogenic differentiation in ADSC. To obtain pure osteogenic differentiation another formulation of the induction medium, for instance including vitamin D instead of dexamethasone, could be tested. 
No lipid or hydroxyapatite crystal accumulation was detectable in control wells, grown in proliferation medium.
Chondrogenic differentiation
We also sought to demonstrate chondrogenic potential of cells isolated from the mature adipocyte fraction. For chondrogenic differentiation experiments CCb cell fractions at passage 3 were used with 2 types of chondrogenic differentiation protocols.
Spheroid chondrogenic differentiation
After addition of chondrogenic medium containing TGFβ, cells aggregated spontaneously: when seeded at 5 × 10 5 cells/well density, they completely aggregated overnight in one large spheroid, 2-3 mm in diameter; when seeded at 3.6 × 10 5 cells/well, cells aggregated gradually, at the beginning they formed several small spheroids, then in few days adjacent spheroids merged and formed larger aggregates which finally after 5 days were also dense and indistinguishable from those in the wells with higher cell quantity (Figure 4 ). No matrix scaffold or centrifugation was used.
Chondrogenic differentiation of centrifugated pellets
Pellets obtained by centrifugation were stable throughout the differentiation in chondrogenic medium and were fixed after 2 or 4 weeks for histological examination.
Histological examination
Histological examination of the sections of the pellets were typical for cartilage metachromatic staining with toluidine blue (Figure 4) . Pellets prepared by both differentiation methods were immunohistologicaly stained for collagen type II and SOX 9. Positive staining with the antibody specific for cartilage markers -collagen type II and SOX9 -was observed throughout the pellets (Figure 4 ). Negative control samples showed no signs of positive staining. These results confirm that CCb cells, derived from mature adipocyte fraction differentiated into a chondrogenic lineage, suggesting that they can be employed for cartilage tissue regeneration and engineering in the same manner as MSC from bone marrow and other sources.
Our results suggest that all kinds of ADSC cultures, in particular at later passages, were more prone to differentiate into osteogenic than into adipogenic lineages, despite being isolated from fat tissue and even from the mature adipocyte fraction (Table 1) . This is in agreement with the data of other authors, where adipose-derived MSC clones tend more to differentiate into osteoblasts (48%) or chondrocytes (43%), rather than to adipocytes (12%) [32] , possibly due to the loss of adipogenic ability after repeated subcultures. The long-lasting pronounced osteogenic potential further supports the suitability of the ADSC use for regeneration of skeletal tissues. However, cells from the both ceiling and bottom surfaces of CC in early passages showed 
higher potential of adipogenic differentiation than SVF and FCC cells. Therefore, human mature adipocyte fraction-derived multipotential ADSC may represent an ideal cellular population for fat tissue regeneration and engineering applications. Results of the present study reinforce the advantage of using the CC method rather than standard cultures (FCC) for ADSC isolation from mature adipocyte fractions. Extended defects of soft tissue associated with trauma, tumour resections, and congenital deformities rarely regenerate spontaneously. Adipose tissue is a primary component of the soft tissues. Free fat transfer yields unsatisfactory and unpredictable results in those conditions, with varying degrees of graft resorption due to a lack of supporting vasculature, and only small defects can be corrected with injected autologous fat. Many data, including synthesis of a new extra-cellular matrix, imply superiority of ADSC use for therapeutic applications in soft tissue defects, reviewed in [33] .
In order to obtain a sufficient cell number for tissue regeneration, in vitro expansion of ADSC is necessary, while after prolonged cultivation cells may lose their differentiation potential or enter into senescence phase. Most human MSC types cultured to late passages display genomic stability [34] . However, after long-term culture (4-5 months) human ADSC have been shown to undergo spontaneous malignant transformation and to form tumors after injection into immunodeficient mice [35] . Therefore, in order to avoid long cultivation, large amounts of ADSC with strong adipogenic, osteogenic and chondrogenic capacities are highly desirable in regenerative medicine. Possibilities to obtain ADSC from mature adipocyte fraction, in addition to SVF-derived ADSC, might highly enhance total cell yields from a biopsy sample and thus contribute in that issue. For isolation of mature adipocyte fraction-derived ADSC, the method of choice would be the ceiling culture protocol, which could be easily adaptable in GMP protocols in a closed device system.
Cryopreservation
To evaluate the effects of cryopreservation, portions of the cells of every population at 2 to 12 passages were cryopreserved. Cells recovered after cryopreservation showed similar proliferation and differentiation potential as the same fraction and the same passage of cells without cryopreservation, even after two cryopreservation-proliferation cycles for CCb cells ( Figure 5) . SVF, CCb and FCC cells recovered after cryopreservation (at 5-8 passages) also have been used in differentiation experiments and demonstrated similar osteogenic differentiation potential for passages [8] [9] [10] [11] [12] [13] to that of the second passage, whereas adipogenic differentiation intensity for later passages was reduced (data not shown). These results suggest that cryopreservation does not influence differentiation capacities.
Conclusions
We report herein multipotent populations of fibroblastic cells obtained from the mature adipocyte fraction of adipose tissue, displaying a capacity for self-renewing proliferation and the potential of multiple differentiation along mesenchymal lineages (adipogenic, osteogenic and chondrogenic).
Our results suggest an advantage of the ceiling culture isolation technique, emphasizing superiority of the ceiling culture bottom population in terms of proliferation and differentiation potential, as compared to ceiling culture ceiling, floating cell culture, and also in some aspects, including adipogenic potential, even to stromal vascular fraction. Floating cell culture seems much less effective in yields of ADSC from the mature adipocyte fraction and differentiation potential as compared to the ceiling culture. ADSC from mature adipocyte fraction might essentially contribute to the yields of multipotent cells at lower passages which ensure strong adipogenic, osteogenic and chondrogenic differentiation capacities, a feature highly beneficial in regenerative medicine.
Further studies are obviously needed to evaluate the tissue repopulation and regeneration potential in vivo of cells isolated from mature adipocyte fraction in order to evaluate their suitability for clinical applications in the future.
